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Abstract 7 
Metal oxide doped mesoporous MCM-41 silica were prepared by a co-precipitation method and 8 
utilized for the selective catalytic reduction of nitric oxide with carbon monoxide at temperatures in 9 
the range 423 – 723 K. The supported metal oxides investigated included oxides of ruthenium, 10 
copper, cobalt, nickel and iron. This selection offered a wide range of metal-oxygen bond strength 11 
within the catalyst. The catalysts were characterized by powder XRD, N2 sorption analysis and 12 
temperature programmed reduction (TPR) in hydrogen. At reaction temperatures less than 550 K 13 
the activity of the catalysts was in the order of RuO2>Co3O4>NiO≈Fe2O3≈CuO. At reaction 14 
temperatures above 650 K, the Ru-MCM-41 was still the most active catalyst followed by Cu-MCM-15 
41. 16 
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1 Introduction 25 
Although large efforts are currently directed at the development of renewable energy sources, such 26 
as solar and wind power, fossil fuels including coal are expected to continue to be an important 27 
source of energy for many decades and, consequently, there remains a need to continue research in 28 
development of technologies to reduce emissions from fossil fuel combustion. For example, nitric 29 
oxides (NOx) emitted from the combustion of fossil fuels in power stations and automobiles 30 
contribute towards negative environmental impacts such as global warming and smog formation. 31 
The most commonly used post-combustion technology to reduce NOx emissions is the selective 32 
catalytic reduction (SCR) of NO with ammonia or urea as a reducing agent over, for example, 33 
vanadium oxide based catalysts. The cost of such SCR processes is typically high due to the chemical 34 
handling requirements and the energy required to operate at high reaction temperatures. Carbon 35 
monoxide, which is also present in the flue gases of coal-fired power stations, has potential as an 36 
alternative, lower cost reducing agent in SCR processes and low-temperature SCR of NO with CO has 37 
been demonstrated over supported noble metal catalysts such as Pd [1] or Rh-based [2], [3] 38 
catalysts. Other lower cost materials such as copper oxide, Co-Cr, Ag-Al2O3, Fe2O3, Cu-ZSM-5, Cr-TiO2, 39 
Mn-TiO2, Fe-TiO2 have also been investigated as catalysts for NO reduction [4-11].  40 
Although there has been a large number of investigations of catalytic materials for NO reduction 41 
with CO, criteria for designing an optimum catalyst for this reaction is yet to be developed. In a 42 
recent study, Reddy and Khanna [12] performed molecular simulations to better understand the 43 
mechanisms of the coupled reactions of CO oxidation and NO reduction, and from their simulation 44 
results concluded that the capacity of catalyst to provide active intracrystalline oxygen molecules for 45 
CO oxidation is an important requisite characteristic for NO + CO reduction catalysts. To further 46 
explore Reddy and Khanna’s hypothesis about the strength of metal-oxygen bond strength and 47 
catalytic activity, we prepared a series of metal oxide catalysts supported on mesoporous silica 48 
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MCM-41. The catalysts included oxides of ruthenium, copper, cobalt, nickel and iron; the metal-49 
oxygen bond strengths in these oxides range from 100 kJ·mol-1 in RuO2 [13, 14] to 409 kJ·mol
-1 in 50 
Fe2O3 [13]. Mesoporous MCM-41 was selected as a support in this study based on our previous 51 
studies of CuO supported catalysts for the NO + CO reaction [15, 16] in which we reported the 52 
mesoporous structure of MCM-41 facilitated good dispersion of active CuO particles and produced 53 
catalysts with good activity.  54 
2 Material and methods 55 
2.1 Catalyst preparation 56 
Mesoporous silica MCM-41 was synthesized using the method described by Kumar et al. [17]. The 57 
metal oxides catalyst supported on MCM-41 were prepared by a co-precipitation method using 58 
chloride or nitrate salts of metals. The amount of metal-salts used in the preparation was 59 
predetermined to ensure that the molar concentrations of respective metals are equal in all the 60 
samples. For example, in a typical co-precipitation catalyst synthesis, the desired quantity of 61 
Cu(NO3)23H2O was added to a 120 mL solution containing 2.4 g of dissolved 62 
cetyltrimethylammonium bromide (CTABr, 99 % Aldrich) and 8 mL of 32 %wt. ammonia solution. To 63 
this mixture 10 mL of tetraethyl orthosilicate (TEOS, 98 %, Aldrich) was added drop wise and the 64 
solution was stirred for 24 h, then filtered to recover a white precipitate. The solids were air dried 65 
for 24 h then calcined at 500 °C for 5 h. Hereafter the catalysts will be referred to as X-MCM-41, 66 
where X stands for (Cu, Ni, Fe, Co and Ru).  67 
2.2 Catalyst characterization 68 
Nitrogen sorption isotherms were measured at 77 K on a Micromeritics Tristar II 3020 automatic 69 
adsorption apparatus. Prior to the N2 adsorption measurements, samples were degassed under 70 
vacuum at 473 K for 24 h. The phase structures of the catalysts were examined by powder X-ray 71 
diffraction (XRD) using a Bruker D* Advanced Research Diffractometer with a monochromatic Cu-Kα 72 
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radiation source operated at 40 kV and 30 mA. Two sets of XRD measurements were collected: small 73 
angles at 2 values in the range of (0.7 – 4) degrees and wide angles at 2 in the range (2 –74 
 90) degrees. Inorder to measure the extent of metal loading in the support, a small quantity of 75 
sample was carefully dissolved in acid and the sample analysed by ICP. 76 
Temperature programmed reduction (TPR) of the catalysts in hydrogen was studied in a Belcat 77 
instrument equipped with a thermal conductivity detector (TCD) to continuously measure the 78 
effluent gas compositions. In a typical TPR measurement 50 mg of catalyst was packed with quartz 79 
wool in a U-tube reactor (9 mm I.D.). The loaded catalyst was pre-treated in-situ at 623 K in a flow of 80 
Argon for 1 h and then the reactor was cooled to 323 K. The reduction was measured at 81 
temperatures from 323 – 923 K using a heating rate of 10 K min-1 and a 30 mL min-1 flow of 5 % H2 in 82 
Argon. Water produced during the TPR measurement was trapped in a zeolite column installed 83 
between the reactor outlet and the TCD. 84 
2.3 Evaluation of catalyst performance 85 
A fixed bed reactor (9 mm I.D.) mounted in a vertical furnace was used to investigate the NO + CO 86 
reaction. The experimental setup is shown in Figure 1. Activity measurements were made with 0.1 g 87 
of catalyst at temperatures from 423 – 723 K; the reaction temperature was measured by a 88 
thermocouple position just above the catalyst inside the reactor. Prior to the reaction measurement 89 
the catalyst was flushed in situ with Argon at 473 K for 1 h. The furnace temperature was adjusted to 90 
the reaction temperature and then a feed composition of 250 ppm NO and 750 ppm CO was 91 
established at a total flow rate of 80 mL min-1. This flow rate was selected to ensure the reaction 92 
rate was not limited by external diffusion. At each measurement temperature the reaction condition 93 
was maintained until a steady state outlet concentration of NO was observed; typically it took 94 
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30 minutes to achieve this state. The concentrations of NO and NO2 in the feed (NOin) and reactor 95 
effluent (NOout) were measured with a chemiluminescence analyser (Thermo 42i).  96 
The reaction kinetics study was carried out in the same fixed bed reactor described above and by 97 
varying the total gas flow rate and/or concentration of reactant in the feed. 98 
Insert Figure 1 99 
3 Results and discussion: 100 
3.1 Physical characterization of metal oxide doped MCM-41 catalysts 101 
In Figure 2, the N2 isotherms measured at 77 K on the X-MCM-41 catalysts each exhibit a sharp 102 
increase in the N2 volumes adsorbed at P/P0 = 0.25 - 0.4 and hysteresis loops, which are isotherm 103 
features associated with the capillary condensation of N2 in mesopores [18]. The shapes of the 104 
isotherms indicate that each sample, except for Cu-MCM-41, has a narrow and uniform pore size 105 
centred around 3 – 4 nm. 106 
 Insert Figure 2 107 
Table 1 provides a summary of the porous textures of each sample including the undoped 108 
mesoporous silica MCM-41. Four of the X-MCM-41 samples produced with oxides of Ni, Co, Ru, and 109 
Fe have specific surface areas that are up to 25 % larger than that of the MCM-41 (816 m2 g-1) and 110 
total pore volumes greater than the MCM-41. However, the surface area of Cu-MCM-41 (545 m2 g-1) 111 
was much lower than the surface area of MCM-41. As the low surface area and pore volume of the 112 
Cu-MCM-41 was an unexpected result, we repeated the synthesis and characterisation 113 
measurements several times and observed similar results to that shown. These results suggest that 114 
the Cu2+ ion may interact with the SiO2, precursors to SiO2, and/or the surfactant in the sol; some of 115 
these interactions could potentially reduce the spaces between the silica walls. Testing this 116 
hypothesis is beyond the scope and the collected data of this manuscript, but exploring the 117 
chemistry of Cu ions in the silica sol could be an interesting avenue for future research. The extents 118 
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of metal loading in all the samples are also shown in Table 1. With the exception of Ni, rest of the 119 
samples had similar molar quantity of metal loading. 120 
Insert Table 1 121 
Insert Figure 3 122 
The small angle XRD of each sample is shown in the Figure 3. The mesoporous silica MCM-41 has a 123 
peak at 2= 2.3, confirming hexagonal structure of the material. A small change in the 2 value of 124 
metal oxide loaded MCM-41 relative to MCM-41 suggests the change in the structural parameters 125 
after catalyst loading on MCM-41 by coprecipitation method. Table 2 shows the d-spacing value of 126 
the first diffraction peak of the metal oxide loaded MCM-41 and MCM-41. The catalyst shows the 127 
higher d1 0 0 value relative to MCM-41 except CuO/MCM-41, due to perturbation effect of metal 128 
oxide on MCM-41. [19-21]. The peak of all the metal oxides incorporated in MCM-41 except 129 
NiO/MCM-41, at  2.0 is wider compared to MCM-41, which shows change in the structural 130 
regularity of MCM-41 after metal oxide incorporation, which effects surface area of the metal oxide 131 
loaded MCM-41. We assume that the presence of charged metal impurity in the sol would skew the 132 
charge balance around micelles building blocks and partially hampers their structural orientation 133 
which may result in slight change in the pore structure and or tortorousity. Nevertheless, they still 134 
retain the mesoporosity within the structures which is essential for catalyst loading and better 135 
diffusion within the structure. All metal oxide incorporated MCM-41 showed one intense peak at  136 
2.0 but CuO/MCM-41 showed two peaks in the range of 2=1.5 to 2.5, which confirms bimodal pore 137 
size and quite consistent with the BJH pore size distribution (shown in supporting information). 138 
Insert Table 2 139 
The metal oxide phases on MCM-41 formed during calcination of the catalysts were determined by 140 
powder XRD as shown in Figure 4. The XRD pattern of Ni-MCM-41 shows the presence of crystalline 141 
rhombohedral and cubic NiO phases, together with weaker nickel silicate peaks. The ruthenium 142 
oxide loaded MCM-41 showed XRD peaks attributed to a tetragonal, crystalline RuO2 structure. No 143 
ruthenium silicate or ruthenium metal phases were observed in the XRD pattern for Ru-MCM-41. 144 
The XRD pattern of Cu-MCM-41 shows three intensive peaks at 2= 36.5, 39.5 and 49 145 
representing the presence of crystalline CuO. The XRD patterns of the Fe-MCM-41 present a mixture 146 
of amorphous hematite iron oxide (α-Fe2O3) and magnetite iron oxide (-Fe2O3). Finally, the XRD 147 
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pattern of Co-MCM-41 showed limited evidence of cobalt oxide phase. Cobalt oxide was observed 148 
on the surface of this sample using XPS analysis (provided in supporting Information), thus the XRD 149 
result suggests that there are tiny well dispersed Co3O4 particles within the sample. 150 
Insert Figure 4 151 
3.2 Temperature programmed reduction 152 
The H2-TPR profiles of the X-MCM-41 samples are presented in Figure 5 with a summary of H2 153 
volumes consumed and the reducible metal loading on each catalyst provided in Table 3. The 154 
catalysts with the highest availability of reducible metal oxide were Ru-MCM-41 and Cu-MCM-41. 155 
These two catalysts also exhibited reduction peaks at lower temperatures than the other catalysts. 156 
In Figure 5(c) the sharp H2 consumption peak around 423 K is attributed to a single step reduction of 157 
RuO2 to Ru metal [22]. The TPR profile of Cu-MCM-41 has a major peak at temperatures of 483 – 493 158 
K and a second peak at 673 - 823 K. The first reduction step observed for Cu-MCM-41 is lower than 159 
the temperature for complete reduction of Cu2+ in for bulk CuO, which has been reported to be at 160 
623 K [23]. The lower temperature of reduction for the Cu-MCM-41 is associated with the step 161 
reduction of Cu2+ species to Cu1+ and direct reduction of an easily reducible CuO phase on the MCM-162 
41 surface to Cu0. The second peak at 723 K is attributed to a second step reduction of Cu1+ to Cu0 163 
and the reduction of any CuO phases that has a strong interaction with the silica framework [23-25]. 164 
Insert Figure 5 165 
Insert Table 3 166 
The reduction profile peaks for Ni-MCM-41, Co-MCM-41 and Fe-MCM-41 were observed at 167 
temperatures of 573 K or higher. In the Ni-MCM-41 TPR profile the first peak at 573 K can be 168 
attributed to the single step reduction of Ni2+ species to Ni metal and the second peak observed at 169 
823 K to the reduction of a more stable nickel species such as nickel silicate (NiSiO3) [26], a phase 170 
which was observed in the powder XRD pattern of Ni-MCM-41 (Figure 4 (a)). This phase is strongly 171 
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connected to the framework of the silica support and thus is only reducible at high temperatures. 172 
The two-step reduction of Co3O4 to CoO then CoO to Co metal observed in the TPR profile of Co-173 
MCM-41 is consistent with mechanisms reported in the literature [27]. The reduction of Fe-MCM-41 174 
in H2 proceeded in four steps with the main H2 consumption peak observed at (a) 663 K due to the 175 
reduction of well dispersed Fe2O3 phase to Fe3O4, then a broad peak around (b) 723 K and two 176 
shoulder peaks (c) 863 K and (d) 923 K. The latter three reductions steps are the reduction of (b) 177 
larger agglomerates of Fe2O3 to Fe3O4, (c) Fe3O4 to FeO, and (d) FeO to Fe [28, 29]. Some of the H2 178 
may have also been consumed in the direct reduction of Fe3O4 to Fe metal. Although the Ni-MCM-179 
41, Co-MCM-41 and Fe-MCM-41 exhibited multistep reduction in H2, the cumulative H2 consumption 180 
per mole of metal oxide catalyst was less than the H2 consumed in the TPR of the CuO and RuO 181 
catalysts. The lower reduction temperature coupled with the extent of reduction highlights the ease 182 
of reducibility of CuO and RuO based catalyst which a key step in the catalytic redox reaction. 183 
3.3 Activity of metal oxide/MCM-41 catalysts in NO reduction 184 
Each catalyst was tested in two sets of reaction experiments at temperatures from 423 - 723 K: (1) 185 
direct catalytic NO reduction without CO in the reactor feed and (2) catalytic reduction of NO with 186 
excess CO. Fresh catalyst was used in each measurement. The catalytic activity of undoped MCM-41 187 
was also measured, but no significant conversion of NO was observed. In our first set of experiments 188 
we raised the reaction temperature to 800 K and did not observe any conversion of NO to N2 over 189 
any of the X-MCM-41 catalysts. 190 
Figure 6 shows the conversion of NO over the X-MCM-41 catalysts in the second set of activity 191 
experiments with 750 ppm CO in the reactor feed gas. The reaction onset temperatures and NO 192 
conversion rates at 573 K are summarised in Table 4. Ru-MCM-41 and Fe-MCM-41 both catalysed 193 
the NO + CO reaction at the lowest measured reaction temperature of 423 K and all five X-MCM-41 194 
samples showed some activity at 503 K. At the highest measured reaction temperature in our study 195 
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i.e. 723 K – all X-MCM-41 catalysts achieved 12 % or higher NO conversion. The greatest conversion 196 
was observed for the Ru-MCM-41 catalyst, which converted 100 % of the NO in the feed for reaction 197 
temperatures of 540 K or higher. Importantly, during these reaction measurements we did not 198 
observe any significant declines in catalyst performance at high temperatures which is in contrast to 199 
the catalyst deactivation typically observed when light hydrocarbons have been used as a reducing 200 
agent for NO SCR [2, 30]. We made a visual check of all catalysts after reaction and found no 201 
evidence of carbon coke and there was no NO2 measured in the reactor effluent during reaction, 202 
which suggest that (1) these X-MCM-41 catalysts do not facilitate direct reduction of CO and (2) the 203 
catalyst was 100 % selective for NO reduction to N2. 204 
Insert Table 4 205 
Insert Figure 6 206 
These results confirm that CO can be used as a reducing agent for the selective catalytic reduction of 207 
NO using several transition metal oxides but with varying efficiencies. The molecular simulation 208 
studies of Reddy and Khanna [12] identified that the reduction of NO on the surface of the transition 209 
metal oxide catalysts is facilitated by two key steps: (i) adsorption of the CO on the catalyst surface 210 
resulting in the loss of intra-crystalline oxygen molecules thus creating an oxygen vacancy coupled 211 
with a reduced metal surface and (ii) adsorption of NO on the reduced surface followed by its 212 
reaction with with free CO. The rate of the first step depends on surface reaction of CO with metal 213 
oxide catalyst which breaks the metal-oxygen bond thereby causing the oxidation of CO and 214 
simultaneous reduction of the catalyst due to the exchange of intra-crystalline oxygen atom. The 215 
reduced catalyst surface thus favours NO adsorption on the catalyst.  The strong adsorption binding 216 
between catalyst surface and NO reduces the N---O bond strength of the molecule thus facilitating 217 
the reaction of bonded N---O with free CO in the gas phase. This causes CO oxidation and formation 218 
of a nitrogen radical (N) on the catalyst surface. The nitrogen radical (N) further reacts with NO in 219 
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the gas phase to form N2O. Finally, the N2O bond is broken due to the exothermic heat of reaction 220 
on the localised zone thus liberating the nitrogen in the gas phase and replenishing the oxygen 221 
vacancy created on the catalyst surface thereby completing the redox reaction. While, the model has 222 
significant merits, it has certain limitations; importantly the model is valid only if the catalyst is 223 
stable in a reduced state (for example iron oxide).  224 
Alternative theory suggests that CO interaction with the metal oxide only weakens the metal oxygen 225 
bond thereby causing only partial reduction of the catalyst surface and forming partially charged 226 
(COδ+). The stretching of metal-oxygen bond reduces the electron density on the metal ion thus 227 
facilitating the adsorption of NO molecules on the same site. 228 
Mo--Ox + CO  [Mo δ+--- - ---O δ-]— δ+ CO 229 
Mo δ+ + NO  Mo δ+-:N---- O δ- 230 
Infrared studies have already confirmed that the NO adsorption at the catalyst surface is facilitated 231 
due to the σ-bond formation of NO with the oxide surface through the lone pair electrons at (:N), 232 
thus weakening the N—O bond strength [31]. This reactive adsorption is site dependent, where the 233 
NO adsorbs to a surface site with partially charged oxygen (Oδ-) directing away from the catalyst 234 
surface and available for bonding with new species. Although in the gas phase the combined bond 235 
energy of CO and NO is higher than that of CO2 thus ruling out the spontaneous reaction of CO and 236 
NO [12], the weakened N—O bond due to the adsorption on catalyst surface is just sufficient to 237 
facilitate it’s reaction of COδ+ on the catalyst surface thereby oxidising CO2 and rendering N radical 238 
on the catalyst surface. As reported by Zecchina et al [32], NO molecules has a tendency to adsorbed 239 
on the metal oxide sites in pairs. Post CO oxidation, the free nitrogen radical on catalyst surface 240 
overcomes the adsorption potential to combine with neighbouring nitrogen radical to form N2.  241 
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In both the scheme of reaction mechanism described above, the extent of NO bonding on the 242 
catalyst surface depends on the availability of sites that are good electron donors and can facilitate 243 
the formation of σ-bond with NO. This site property is strongly dependent on the strength of metal 244 
to oxygen (M-O) bond of the oxide surface. A stronger M---O bond (such as in SiO2 and ZrO2) will 245 
resist charge exchange from the surface and thus reduce the interaction of NO and the adsorption 246 
sites, although recent research have found that even SiO2 and ZrO2 are susceptible of reduction to a 247 
small extent with formation of oxygen vacancies. The results from the TPR measurements in this 248 
study can be used to investigate the extent of surface sites readily available for charge transfer on a 249 
macro-scale level. For this analysis we define the parameter 1/TRed to describe the catalyst 250 
reducibility where TRed being the temperature at which reduction of the metal oxide was first 251 
observed in the H2-TPR measurements. The value of 1/TRed (experimentally measured) was 252 
compared with the theoretical metal oxide bond strength. Figure 7 shows a linear relationship 253 
between published values of the M-O bond strengths (Table 5) and 1/TRed measured in our study. 254 
This linear relationship validates that the M---O bond strength plays a role in the selection of a metal 255 
oxide catalyst for any redox reaction including the selective catalytic reduction of NO. The onset 256 
temperature of reaction and reducibility of the metal oxides depend on the metal-oxygen (M-O) 257 
bond strength as well as the heat of formation {Waterhouse, 2001 #33;Wagner, 2007 #34;Aksel, 258 
2010 #13}. For example, RuO2 has weakest M-O bond among all metal oxides tested in this study and 259 
hence facilitates reaction at a lower temperature than the other catalysts and achieves a higher 260 
activity for NO + CO reaction. The activity of the other catalyst also follows the trend with the M-O 261 
bond strength. 262 
Insert Figure 7 263 
Insert Table 5 264 
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Based on the reaction mechanism discussed above, it is expected that oxidation of CO and reduction 265 
of NO tends to happens in series, with both NO and CO potentially occupying the same M-O site. It 266 
could also be argued that the oxygen vacancy could diffuse to a different location within the crystal, 267 
thus causing NO and CO to reaction happening at different sites, regardless, the site occupied by CO 268 
would not provide any form of competition towards site occupancy of NO. In order to 269 
experimentally verify, the two most promising catalysts, Ru-MCM-41 and Cu-MCM-41 were selected 270 
from the catalyst screening tests to conduct additional reaction rate analysis. The rate of NO 271 
conversion was examined by changing the ratio of NO to CO in the reactor feed. Figure 8 shows the 272 
effect of changing CO concentration ratio on the conversion & normalised conversion rate at a fixed 273 
NO feed concentration of 230 ppm. Figure 9 shows the effect of changing NO concentration when 274 
the concentration of CO is fixed at 250 ppm. Both the Ru-MCM-41 and Cu-MCM-41 show similar 275 
behaviour in terms of conversion with excess CO favouring the reaction kinetics. Examining figure 8, 276 
it is found that increased concentration of CO in the reactant feed enhances both the conversion as 277 
well as the rate of reaction (Figure 8 inset). The result is more significant given the fact that 278 
enhanced rate of NO disappearance is even observed when CO concentration is significantly higher 279 
(almost twice) than NO concentration in the reactant mixture. This demonstrates that a CO molecule 280 
does not provide any competition to NO molecule for site occupancy on the catalyst surface and the 281 
CO adsorption on the catalyst is potentially the rate determining step. The site which is occupied by 282 
CO gets reduced and NO will gets adsorbed on the same site. This observation is supported by the 283 
data shown in Figure 9-inset, which shows that an increase in NO concentration from 100 ppm to 284 
200 ppm while maintaining fixed concentration of CO resulted in an a drop of NO conversion while 285 
the rate of NO conversion peaks to a maximum (when the amount of NO and CO is approximately 286 
equal) before dropping. Further increase in the NO concentration beyond the stoichiometric amount 287 
of CO resulted in a decline in the rate of reaction as well as conversion due to a lack of CO molecules 288 
being available for NO reduction.  289 
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Insert Figure 8 & Figure 9 290 
Other than the Onset temperature, the primary parameter affecting the economics of the catalytic 291 
reaction is the operating temperature range. A narrow operating temperature window provides 292 
significant operational difficulties and requires an expensive control system, especially when 293 
operating under adiabatic conditions. Among all the catalyst, Ru-MCM-41 has the widest operating 294 
temperature window. Cobalt oxide based catalyst showed catalytic activity at lower temperature 295 
with steady enhancement of the activity with temperature. Other important catalysts such as CuO 296 
and NiO have higher onset temperatures but their activity enhanced rapidly with temperature.  297 
The reusability test on all metal oxides incorporated MCM-41 was carried out to examine the 298 
catalyst deterioration under the operating conditions. The catalysts reusability test show 299 
approximately similar results as those of pristine catalysts, the results are show in the supporting 300 
information. The spent catalysts were also examined for any changes in the metal oxide phase post 301 
catalyst activity testing using XRD. The XRD results of spent catalyst are shown in supporting 302 
information. There is no evidence of any significant phase change during catalyst activity testing. 303 
4 Conclusion 304 
Five different metal oxides supported on MCM-41 were studied as catalysts for the reduction of NO 305 
with CO. Ruthenium oxide supported on MCM-41 showed the lower onset temperature and highest 306 
catalytic activity compared to all the other catalysts. Our results revealed that metal-oxygen bond 307 
strength plays important role in developing a catalyst with a low reaction onset reaction 308 
temperature. The outcome could form the basis of designing better catalyst with lower metal 309 
oxygen bond strength but at the same time having thermal stability. Copper oxide supported on 310 
MCM-41 also performed well in the reaction tests compared to the other catalysts.  311 
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List of Tables 1 
Table 1. BET specific surface area, total pore volume and mean pore width of co-precipitated metal 2 
oxide-MCM-41 catalysts determined from N2 sorption at 77 K. The mean pore width was calculated 3 
with the BJH method. 4 
Sample BET surface area 
(m
2
·g
-1
) 
Pore volume 
(cm
3
·g
-1
)) 
Average pore 
width (nm) 
% wt metal 
measured by 
ICP 
MCM-41 816 0.63 2.6 - 
Ni-MCM-41 1020 0.92 3.1 1.06 
Co-MCM-41 825 0.95 4.0 2.55 
Ru-MCM-41 918 0.92 3.6 4.06 
Fe-MCM-41 926 0.93 3.6 2.63 
Cu-MCM-41 545 0.45 3.6 2.77 
 5 
Table 2. Details of the d spacing value of the first diffraction peak of small angle XRD pattern of 6 
metal oxide loaded MCM-41 7 
Sample d(100) spacing 
(nm) 
Ni-MCM-41 4.1 
Co-MCM-41 4.3 
Ru-MCM-41 4.3 
Fe-MCM-41 4.6 
Cu-MCM-41 3.8 
MCM-41 3.8 
 8 
 9 
 10 
Table 3. Summary of H2 TPR results for the co-precipitated metal oxide-MCM-41. The reducible 11 
metal oxide loading was calculated from the amount of H2 consumed per weight of catalyst during 12 
the TPR measurements. 13 
Sample H2 consumed 
(mmol·g
-1
) 
Reducible metal oxide 
loading (% wt.) 
Ni-MCM-41 0.258 1.89 
Co-MCM-41 0.617 3.71 
Ru-MCM-41 1.381 7.57 
Fe-MCM-41 0.248 1.32 
Cu-MCM-41 0.258 4.14 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
Table
  
 22 
Table 4. Onset temperature of catalyst and NO conversion over metal oxide- MCM-41 catalysts for a 23 
reactor feed containing 250 ppm NO and 750 ppm CO. 24 
Sample Onset temperature 
(K) 
NO conversion at 
573 K (%) 
Ni-MCM-41 493 8 
Co-MCM-41 473 20 
Ru-MCM-41 423 100 
Fe-MCM-41 423 6 
Cu-MCM-41 503 10 
 25 
 26 
Table 5. Metal-oxygen bond strengths in metal oxides as reported in the literature. 27 
Metal oxide M-O bond strength (kJ·mol-1) Reference 
 
NiO 392 [15, 32] 
Co3O4 368 [15, 32] 
RuO2 100 [15, 16] 
Fe2O3 409 [15] [32] 
CuO 343 [15, 32] 
SiO2 452  
 28 
 29 
 30 
 31 
 32 
 33 
  
List of Figures 
 
 
 
Figure 1. Schematic of fixed-bed reactor used for selective catalytic reduction of NO with CO. 
Reactor feed composition controlled by blending gases from cylinders of 0.1 % NO in He and 
0.1 %CO in He.  
 
 
 
 
  
 
Figure 2. N2 sorption isotherms measured at 77 K of synthesised catalyst. The spacing of the curve 
have been manipulated to clearly separate the isotherms. Individual isotherms graph provided in 
supporting information.  
 
  
 
Figure 3. Small angle XRD patterns of calcined, co-precipitated metal oxide-MCM-41 catalysts 
  
 
Figure 4. Wide angle XRD patterns of calcined, co-precipitated metal oxide-MCM-41 catalysts. 
 
 
  
 
Figure 5. H2 temperature programmed reduction profiles of metal oxide-MCM-41. TPR conditions: 
30 mL min-1 of 5 % Argon and a heating rate of 10 K min-1. 
  
 
Figure 6. The effect of reaction temperature on NO conversion in the SCR with CO over co-
precipitated metal oxide-MCM-41 catalysts. Conditions: Total flow rate 80 ml•min-1. Feed gas 
composition 250 ppm NO + 750 ppm CO with balance He. Weight of catalyst 0.1 g. 
 
 
Figure 7. Relationship between metal-oxygen bond strength and reducibility of metal oxides 
  
 
Figure 8: Effect on CO concentration on NO conversion. Conditions: Fixed NO concentration of 250 
ppm. Total flow rate 80 ml•min-1. Weight of catalyst 0.1 g. Insert: Effect of CO concentration on NO 
conversion rate 
 
 
Figure 9. Effect on NO concentration on NO conversion. Conditions: Fixed CO concentration of 250 
ppm. Total flow rate 80 ml•min-1. Weight of catalyst 0.1 g. Insert: Effect of NO feed concentration on 
NO conversion rate 
 
  
HIGHLIGHTS 
 
1. Metal-oxide catalysts activity correlated with their M-O bond-strength. 
2. The catalyst ability to release lattice oxygen initiates reaction between NO & CO. 
3. Ru-MCM-41 is the most efficient catalyst with lowest reaction onset temperature. 
 
